Due to variable pharmacokinetic properties, therapeutic anticoagulation with continuous unfractionated heparin (UFH) requires ongoing laboratory monitoring, generally with activated partial thromboplastin time (aPTT). In the ambulatory setting, clinicians who manage warfarin therapy often use time in the therapeutic range (TTR) to estimate a percentage of time the international normalized ratio is therapeutic. We applied the TTR concept to aPTT monitoring for therapeutic UFH and used 2 methodologies for estimation: percentage of aPTT values in range (%aIR) and a modification of the Rosendaal method (mod-Rosendaal). This study included adult inpatients admitted between September 30, 2015, and September 30, 2016, at Brigham and Women's Hospital. For each patient, all available aPTT values were extracted to calculate 2 individual TTRs according to each methodology. Comparison between methods was performed using Student t test, and correlation was assessed with simple linear regression. A total of 255 patients were included in this study. The major outcome of TTR estimation was significantly higher using modRosendaal (43.7% [26.5%]) versus %aIR (37.7% [25.7%], P ¼ .012) by a mean difference of 6% points (95% confidence interval: 1.3-10.7). Time in the therapeutic range estimated by mod-Rosendaal significantly correlated with those estimated by %aIR (r ¼ 0.84, P < .001). Further studies should evaluate the correlation between TTR and clinical outcomes and establish a benchmark for quality therapeutic anticoagulation with continuous UFH.
Background
Intravenous unfractionated heparin (UFH) infusions are commonly utilized in the hospital setting to achieve therapeutic anticoagulation for a variety of thrombotic and cardiovascular conditions. Its benefits include a rapid onset of action, short half-life, and reversibility; however, UFH exhibits pharmacokinetic properties which result in varied anticoagulant response among individuals. 1 Clinical use of UFH, therefore, requires ongoing laboratory monitoring and dose titration to maintain efficacy of the anticoagulant effect and mitigate the risk of bleeding complications. Substantial controversy exists over the preferred assay to monitor UFH therapy. Compared to the activated partial thromboplastin time (aPTT) test, the antifactor Xa activity test is less susceptible to confounding by inflammatory proteins and lupus anticoagulant, and its sensitivity is not affected by choice of reagent. 2 However, the aPTT is inexpensive, readily available, and quickly resultedand ultimately remains the most widely used laboratory assay for UFH monitoring. 2 Although UFH is one of the most frequently administered medications among hospitalized patients, there is no standardized method for assessing effectiveness of therapeutic dosing or compliance with nomogram titration. In comparison, measuring time in the therapeutic range (TTR) of the international normalized ratio (INR) is standard practice among ambulatory warfarin-treated patients to assess effectiveness of anticoagulation management. Maintaining tight INR control with appropriate warfarin dose intensity yields a high TTR, which has been associated with both optimal efficacy and safety. 3, 4 In warfarin-treated patients, 2 common methodologies used to estimate TTR are the percentage of INR values in range and 5 We speculated that these methodologies could be applied to aPTT monitoring for UFH.
The aim of this study was to compare 2 methods of TTR estimation to evaluate therapeutic anticoagulation quality for patients at our institution who received continuous UFH infusions. The setting of our study follows recent implementation of institution-wide, nurse-driven titration nomograms to standardize practice for UFH administration and improve time to reach therapeutic anticoagulation. 6 
Methods
This was a single-center retrospective analysis conducted at Brigham and Women's Hospital, a 793-bed tertiary academic medical center located in Boston, Massachusetts. The study protocol was approved by the Partners HealthCare Institutional Review Board (Protocol #: 2016P001416). Patients were identified from computer-generated reports of active heparin orders. All adult inpatients who received a continuous UFH infusion between September 30, 2015, and September 30, 2016, were considered for inclusion. Depending on the indication, providers at our institution may order 1 of 2 hospital-approved nurse-titration nomograms targeting aPTT values of either 50 to 70 seconds or 60 to 80 seconds, or place a provider-driven custom order. 6 Our institution-specific UFH nomograms and aPTT assay have previously been described in detail. 6 Our aPTT assay uses a silica activator (PTT Automate; Diagnostica Stago Inc, Parsippany, New Jersey) run on the STA-R Evolution (Diagnostica Stago Inc). Patients were excluded if they received UFH for nontherapeutic anticoagulation or per a custom provider-driven order. Baseline patient characteristics, indication for anticoagulation, and documented lab values were collected from the electronic health record (EHR). The major outcome was percentage of TTR using the following methodologies: percentage of aPTT values in range (%aIR), calculated by (number of aPTT tests within therapeutic range/total number of aPTT tests performed) Â 100; and a modified Rosendaal (mod-Rosendaal) linear interpolation method, which revised the original method to calculate time per minute rather than per day. 5 For each patient, all available aPTT values were extracted to calculate 2 individual TTRs according to each methodology. After initial evaluation, we restricted the analysis to subgroups with a duration of therapy of at least 24 hours or with at least 4 aPTT tests documented to see how results were affected. Difference in TTR estimation between methodologies was assessed using a paired Student t test. Correlation was assessed with simple linear regression using Pearson r. P values <.05 were considered statistically significant. 
Results
A total of 255 patients were included in this study. Baseline patient characteristics and indications for therapeutic anticoagulation with UFH are described in Table 2 ). Time in the therapeutic ranges estimated by mod-Rosendaal significantly correlated with those estimated by %aIR (r ¼ 0.84, P < .001; Figure 1 ). Results were similar across different levels of patient acuity after stratification based on intensive care unit (ICU) admission versus non-ICU admission. Estimated TTRs were slightly higher after restricting the analysis to subgroups with a duration of therapy at least 24 hours or with at least 4 aPTT tests documented (Table 2 ).
Discussion
To the authors' knowledge, this is the first study to perform estimations of TTR as a metric of therapeutic UFH quality. In previous studies of patients anticoagulated with warfarin, TTR has been validated as a surrogate measure of efficacy and safety, with the greatest clinical benefit seen when the INR is in therapeutic range at least 70% of the time. 3 In this retrospective study of patients receiving continuous UFH, we identified an average TTR at our institution of approximately 40% using either methodology.
Maintenance of therapeutic aPTT is a known challenge of UFH therapy. In one retrospective study comprising patients receiving UFH for acute thrombosis, only 29% of patients who obtained a therapeutic aPTT result were able to maintain it for the next 2 consecutive measurements. 7 Besides the pharmacokinetic limitations of UFH, patients who receive therapeutic UFH infusions are acutely ill and less clinically stable than outpatients taking oral anticoagulants. The acute nature of hospitalized management may also expose patients to inconsistencies in therapy such as bolus dose administration and prolonged or frequent interruptions. In the setting of these inconsistencies, the accuracy of aPTT draws is contingent upon appropriate timing since the last titration.
In warfarin-treated patients, studies assessing TTR using more than one methodology have found nonequivalent results. 4, [8] [9] [10] Similarly, both of our TTR strategies for monitoring UFH are prone to biases. For an ideal %aIR calculation, aPTT should be drawn at a regular frequency to accurately predict time. However, in clinical practice, the frequency of lab draws is increased at times when anticoagulation is unstable. Our institution-wide protocol specifies that aPTT draws should be performed every 6 hours until 2 consecutive results in therapeutic range are obtained, after which the frequency may be extended to every 12 hours. Presence of multiple out-of-range values drawn over a relatively short period of time skews the %aIR toward one direction. The modRosendaal method is expected to be more accurate because it factors in time elapsed since the last test, thereby avoiding the effect of varied test frequency. However, its assumption of linear movement between aPTT values may pose a limitation, as UFH has a short half-life, and its anticoagulant effect is known to be nonlinear at therapeutic doses. 1 Out-of-range aPTT results may normalize more quickly following dose adjustment than as predicted by linear interpolation. Thus, extreme deviations from the therapeutic range dramatically lower the overall TTR. Validity of the linear movement assumption may be even further diminished in higher acuity patients prone to more variable aPTT values, such as in the case of organ dysfunction and presence of inflammatory markers.
In this study, the mod-Rosendaal estimation captured significantly more time in range than the simpler %aIR estimation by 6% points. This aligns well with results from studies of warfarin-treated patients, which have reported modest underestimation of TTR using the percentage of INR values in range method by 5% to 6% points. 4, 8 This magnitude of difference is small and the association with clinical outcomes remains unknown. Additionally, we found that the 2 methods strongly correlated, which suggests that %aIR is a good predictor of the higher quality mod-Rosendaal TTR estimation. Due to the tedious calculations involved in the latter method, taking a simple %aIR may be sufficient for an institution to benchmark quality.
Our study has several limitations. First, due to the singlecenter and retrospective design, results are reflective of our institution-specific UFH protocols, and aPTT values were contingent upon accurate EHR documentation. Second, there may have been changes in a patient's anticoagulation therapy throughout an admission, including interruptions. Third, some patients received UFH very briefly while ruling out venous thromboembolism or acute coronary syndrome. Due to this limitation, we restricted the analysis to subgroups with a duration of therapy of at least 24 hours or with at least 4 aPTT tests documented. However, TTRs improved only modestly to the mid-40% range, while maintaining an approximate 5% underestimation with the %aIR method. Finally, because a much larger sample size is required to compare very low incidence rates, as with thromboembolic and hemorrhagic events, we did not evaluate clinical event rates for this study in an attempt to correlate TTRs with efficacy or adverse events. Thus, we are unable to recommend use of these methods to predict clinical outcomes. For now, hospitals may optimize outcomes by practicing good adherence to standardized UFH titration nomograms. Institutions may also use internal quality assurance data to track alternative metrics which have been associated with clinical outcomes, such as time to therapeutic anticoagulation. 11 Larger studies should seek to correlate TTR for UFH with clinical event rates and establish a quality benchmark for inpatients receiving continuous UFH infusions across institutions, as is commonly done with warfarin in the ambulatory setting. Due to the marked variability between institutions in UFH monitoring protocols, it may also be valuable to study TTR using antifactor Xa values rather than aPTT values. Data from our study suggest that although the mod-Rosendaal method yielded a higher TTR estimation, its strong correlation with %aIR supports this simpler alternative.
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